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ARTICLE INFO ABSTRACT

Keywords: Cardiovascular calcification is associated with cardiovascular morbidity and mortality of patients with end-stage
1L-6 renal diseases (ESRD). Hyperphosphatemia and many of the inflammatory markers and mediators, including

Phosphate interleukin-6 (IL-6), are considered as the major risk factors of cardiovascular calcification. Although cellular
Se’l“{sgenfe senescence may be involved in cardiovascular calcification caused by phosphate overload and (or) IL-6 in pa-
s;;l cation tients with ESRD, less is known about the underlying mechanisms for phosphate- and IL-6-induced senescence-

associated calcification of vascular smooth muscle cells (VSMCs). In the present study, we investigated the
correlation between cellular senescence and vascular calcification induced by loading phosphate and (or) IL-6 in
VSMCs. Our findings show that p53 plays a major role in senescence-associated vascular calcification induced by
phosphate overload. IL-6 induces senescence-associated calcification in VSMCs depending upon activation of the
IL-6/soluble IL-6 receptor (sIL-6R)/signal transducer and activator of transcription 3 (STAT3)/p53/p21
pathway. We demonstrate that the synergistic action of phosphate overload and IL-6 enhances senescence-
associated calcification in a p53-dependent manner and is inhibited by an anti-aging agent (resveratrol) in a
dose-dependent manner.

1. Introduction universal characteristic of patients with chronic kidney disease (CKD).
As an independent cardiovascular risk factor, hyperphosphatemia has
been linked to cardiovascular calcification in patients with ESRD

(Hruska et al., 2008).

Cardiovascular calcification, including vascular and valvular calci-
fication, is associated with cardiovascular morbidity and mortality of

patients with end-stage renal diseases (ESRD) (Doulgerakis et al., 2017;
Go et al., 2004a, b; London et al., 2003; O’Neill, 2016). Several ob-
servational studies have demonstrated that disturbed phosphate/cal-
cium metabolism, osteogenic transition of vascular smooth muscle cells
(VSMCs), senescent VSMCs, and VSMCs apoptosis are associated with
cardiovascular calcification (Smith, 2016). Hyperphosphatemia, which
is caused by indiscriminate phosphate/calcium metabolism, is a

A proinflammatory state in patients with chronic uremia is con-
sidered as the other major risk factor of cardiovascular calcification.
Many of the inflammatory markers and mediators, including inter-
leukin-6 (IL-6), IL-1, tumor necrosis factor a (TNF-a), C-reactive pro-
tein, and fibroblast growth factor 23 (FGF23), are found to promote
cardiovascular calcification in ESRD patients (Haydar et al., 2004;
Isakova et al., 2018; Stompdr et al., 2005; Stompor et al., 2004). Among
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of these inflammatory factors, the elevated plasma IL-6 accelerates the
progression of CKD not only by aggravating kidney injury, but also by
initiating the chronic vascular disease, especially vascular calcification
(Su et al., 2017). Results from in vitro studies and animal models of
atherosclerosis suggest that IL-6 promotes vascular calcification in
VSMCs (Alaly et al., 2007; Shioi et al., 2002; Yin et al., 2000). IL-6 in
the vessel wall of conduit arteries likely induces adenine dinucleotide
phosphate oxidase complex to produce reactive oxygen species, which
mainly activates the signaling pathway depending upon signal trans-
ducer and activator of transcription 3 (STAT3) (Agharazii et al., 2015).
This activation may contribute to vascular calcification in VSMCs in
ESRD.

As an age-related kidney injury is consequent to reduction in glo-
merular filtration rate (GFR), decrease in urinary creatinine clearance,
and reduced muscle mass, CKD is considered to be an age-related dis-
ease. Chronic stimulation of cells with cytokines causes enough stress to
induce the cell senescence. Cellular senescence, also known as stress-
induced premature senescence, is a state of the irreversible growth
arrest of mitotic cells (Campisi and D’Adda, 2007) and leads to a de-
creased capacity to respond to various stimuli. An increased activity of
senescence-associated-f3-galactosidase (SA-B-Gal) is available, and a
different series of genes, such as retinoblastoma protein, p21, p53, and
pl6, is expressed in senescent cells (Ben-Porath and Weinberg, 2005).
Cellular senescence is involved in vascular calcification that contributes
to the high cardiovascular mortality in CKD. in vitro studies have re-
ported that senescence of VSMCs promotes vascular calcification
(Nakano-Kurimoto et al., 2009; Yamada et al., 2015).

IL-6 and the soluble IL-6 receptor (SIL6R) are involved in the pa-
thogenesis of tissue senescence (Hirano et al., 2000). IL-6 and sIL-6R
induce premature senescence in normal human fibroblasts in a STAT3/
p53-dependent manner (Kojima et al., 2012). On the other hand, sev-
eral previous studies have proven that hyperphosphate is mainly re-
sponsible for the senescence-like phenotype, implying a potential re-
lationship between phosphate and senescence. For example, FGF-23,
which is secreted from bone, exerts the kidney to promote phosphaturia
(Quarles, 2008). Klotho, as an aging-suppressor gene, is expressed
predominantly in the renal tubular cells (Kuroo et al., 1997). Both
hyperphosphatemia and senescence-like phenotype are observed in
FGF-23-deficient mice and klotho-deficient mice (Kurosu et al., 2005;
Razzaque et al., 2006).

However, the underlying mechanisms for phosphate-induced and
IL-6-induced senescence-associated vascular calcification of VSMCs re-
main unclear. In this study, we investigated the correlation between
cellular senescence and vascular calcification induced by phosphate
and IL-6 in VSMCs. Phosphate overload-induced senescence-associated
calcification upregulates p53 expression in VSMCs. Importantly, IL-6
induces senescence-associated calcification in VSMCs depending upon
activation of the IL-6/sIL-6R/STAT3/p53/p21 signaling pathway. We
show that the synergistic action of phosphate and IL-6 enhances se-
nescence-associated calcification in a p53-dependent manner, and is
inhibited by anti-aging agents in a dose-dependent manner.

2. Materials and methods
2.1. Patients

Selected cases of patients with ESRD were defined as estimated-
glomerular filtration rate (eGFR) < 15 ml/min/1.73m? or albumi-
nuria=300.0 mg/d. Patients with NDD-CKD were defined as
eGFR < 60 ml/min/1.73m? for more than 3 months. Fasting plasma
samples (phosphate > 1.45mM, IL-6 > 5.59 pg/ml) and clinical data
from patients with NDD-CKD (n = 38) and ESRD (n = 159) were col-
lected at the Department of Nephrology in the Second Affiliated
Hospital of AHMU. Among the patients with ESRD, 144 cases of pa-
tients were diagnosed using clinical images of vascular and valvular
calcification obtained with plain X-rays or Doppler ultrasound imaging.
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Informed consent for experiments was not required because Chinese
laws treat human tissues and plasma left from surgery or clinical ex-
amination as discarded materials.

2.2. Cell cultures and treatments

Human endothelial cells (EAhy926) were cultured in DMEM with
10% fetal bovine serum (FBS, Gibco BRL. NY, USA) and 1% penicillin/
streptomycin (P/S). Primary human VSMCs isolated from the segments
of umbilical artery and primary human skin fibroblasts were cultured in
F12/DME medium with 20% FBS and 1% P/S. VSMCs were cultured to
80% confluence before passage. To induce vascular calcification and
senescence, 5-passage VSMCs were treated for 1-5 days with a high
level of phosphate (3.8mM) or 50ng/ml recombinant human IL-6
(eBioscience. San Diego, CA, USA). To ensure removal of spontaneous
senescence, 5-passage VSMCs cultured in complete F12/DME medium
with phosphate-buffered saline (PBS) for 5 days were used as the ve-
hicle cells (5-day vehicle). Low concentrations of resveratrol (L-Res,
0.1 mg/ml) or high concentrations of resveratrol (H-Res, 0.2 mg/ml)
were supplemented to attenuate senescence of VSMCs. Either 50 ng/ml
anti-IL-6 neutralization antibody (Sino Biological, Beijing, China) or
20 uM pifithrin-a (PFTa, MedChemExpress, New Jersey, USA) was used
to block IL-6 activities or to inhibit p53 functions.

2.3. Fluorescence immunocytochemistry

As described elsewhere (Tu et al., 2018), fluorescence im-
munocytochemistry was used to detect expression of a-SMA, vimentin,
and VEGFR2 in VSMCs with the rabbit anti-a-SMA antibody (1:200
dilution; Bioss, Beijing, China), the rabbit anti-vimentin antibody
(1:100 dilution, CST, USA), and the rabbit anti-VEGFR2 antibody
(1:400 dilution, Affinity Biosciences, USA), respectively.

2.4. Western blotting

A total 40 ug of total proteins were used to run SDS-PAGE and then
to perform Western blotting analysis. Western blotting was performed
as previously described (Zhao et al., 2016). The primary antibodies
include SIRT1 (1:1000 dilution, CST), p53 (1:1000 dilution, CST),
acetylated-p53 (Ac-p53, Lys382. 1:2000 dilution, Abcam), STAT3
(1:1000 dilution, CST), phosphorlated-STAT3 (p-STAT. 1:2000 dilution,
CST), p21 (1:1000 dilution, CST), and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (1:5000 dilution, IMAGEN, Beijing, China).
Western blotting bands were captured by using the development in-
strument from Shanghai Qinxiang Scientific Instrument Co. LTD. The
relative protein quantification analysis was performed by using Image J
software.

2.5. Determination of calcification

For quantification of Calcium deposition, VSMCs were decalcified
with 0.6 N HCI for 24 h, and the calcium content in the supernatant was
detected with the total protein quantitative test kit and a calcium ion
test kit (Jiancheng Bioengineering Institute, Nanjing, China), according
to the manufacturer’s introductions.

Alizarin Red S staining was used to detect mineral deposition of
VSMCs. The samples were fixed with 4% paraformaldehyde for 20 min,
stained for 5 min with 1% Alizarin Red S staining solution (pH 4.2), and
rinsed with distilled water. The calcification of cells was detected by a
calcium salt dyeing liquid kit (Solarbio, Beijing, China).

2.6. SA-B-Gal staining
SA-B-Gal staining was used to assess the senescent state in VSMCs

with a [(-galactosidase senescence staining kit (Beyotime
Biotechnology), according to the manufacturer’s introductions. In brief,
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cells were fixed with 4% paraformaldehyde for 20 min, washed, and
incubated at 37°C overnight in staining solution.

2.7. Measurement of intracellular levels of reactive oxygen species (ROS)

Intracellular ROS was measured by using ROS assay kit (Solarbio)
according to the manufacturer’s protocols. In brief, VSMCs were in-
cubated with 2’7’-dichlorodihydrofluorescein diacetate (DCFH-DA) at
37 °C for 20 min, harvested, washed with PBS, and then detected im-
mediately by flow cytometry. An increase in fluorescence intensity was
used to quantify the generation of net intracellular ROS.

2.8. Luciferase assays

Transcriptional activity was referenced as described elsewhere.
(Zhao et al., 2016) Briefly, the 293 T cells were transiently transfected
with pGL3-basic vectors (Promega, Madison, WI, USA) containing
human wild-type p53 promoter or a mutated p53 promoter. Renilla
(pRL-TK) luciferase plasmids were used as the controls. After trans-
fected for 12h, cells were treated with 30 ng/ml IL-6 for 24 h. Then,
luciferase assays were performed to detect relative activities of human
p53 promoters.

2.9. Statistical analysis

All values are expressed as the mean + SD. Statistical analyses
were performed using analysis of variance (ANOVA) followed by the
one-way ANOVA test and the Nonparametric test. Differences with a P
value of < 0.05 were considered to be statistically significant.

3. Results

3.1. Hyperphosphatemia and high levels of serum IL-6 are complicated with
vascular calcification in patients with ESRD

Serum determinations of inorganic phosphate and IL-6 from patients
with ESRD and non-dialysis-dependent chronic kidney disease (NDD-
CKD) were collected in the present study. Data showed that serum in-
organic phosphate was 1.63 + 0.58mM, and serum IL-6 was
21.32 + 38.68pg/ml in 159 cases of patients with ESRD. Serum in-
organic  phosphate and IL-6 was 1.28 * 0.31mM and
12.37 = 31.00 pg/ml in 38 cases of patients with NDD-CKD, respec-
tively. The non-parametric tests showed significant differences in the
levels of serum inorganic phosphate (P < 0.001) and IL-6 (P = 0.0018)
between the ESRD group and the NDD-CKD group (Fig. 1A, 1B).

To study the correlations between calcification and high levels of
inorganic phosphate as well as serum IL-6, the clinical cardiovascular
calcification images, including vascular calcification and valvular cal-
cification, were collected from 144 cases of ESRD patients with serum
determinations of both phosphate and IL-6. The plain X-rays and
Doppler ultrasound imaging showed that cardiovascular calcification
was found in 60 patients with ESRD (41.67%, 60/144), whereas
58.33% of patients had no calcification (84/144) (Fig. 1C). As shown in
Fig. 1D and Table 1, both high phosphate and elevated serum IL-6 were
found in 45.00% of ESRD patients with cardiovascular calcification
(27/60). High phosphate was found in 15.00% of patients (9/60), and
25.00% patients had higher serum IL-6 levels (15/60). For 84 cases of
patients without calcification, there were 17.86% (15/84), 23.81% (20/
84), and 34.52% (29/84) of patients with high phosphate, with high
serum IL-6, and with both, respectively. The cross-table chi-squared test
showed that cardiovascular calcification is correlated with high levels
of phosphate and elevated serum IL-6 level in patients with ESRD
(P = 0.00).
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3.2. Either phosphate or IL-6 induces senescence-associated vascular
calcification in VSMCs

To investigate whether phosphate overload induces senescence-as-
sociated vascular calcification, primary human VSMCs were isolated
from the segments of umbilical artery and used as a cell model in our
experiments. Alpha-SMA, as a specific marker of VSMCs, was success-
fully detected both in primary VSMCs and the 5th passage VSMCs by
fluorescence immunocytochemistry analysis with an anti-a-smooth
muscle actin (a-SMA) antibody, whereas vimentin (a molecular marker
of fibroblasts) as well as VEGFR2 (a specific marker of endothelial cells)
were not shown in VSMCs (Fig. 2A). To ensure removal of spontaneous
senescence, 5-day-cultured cells in complete F12/DME medium with
phosphate-buffered saline (PBS) were used as the control cells (5-day
vehicle). As shown in Fig. 2B, expression of p21 was dramatically in-
creased in VSMCs treated with a high level of phosphate (3.8 mM) for 3
to 5 days. However, the increased expression of p21 in VSMCs was
inhibited after treatment by low levels of resveratrol (0.1 mg/ml re-
sveratrol, L-Res). SA-B-Gal expression is the other key feature of se-
nescence in many cell types when they undergo senescence because of
multiple stimuli. SA-B-Gal staining analysis showed that phosphate
treatment generated a dramatic increase SA-f-Gal expression in VSMCs,
whereas the SA-B-Gal activity was not significantly altered in VSMCs by
exposure to L-Res over 5 days of phosphate overload (Fig. 2C). Ad-
ditionally, ROS, as the cellular biomolecules of senescence, leads to the
decline of physiological functions. The ROS levels in VSMCs treated
with loading phosphate were increased 1.2-1.8 folds than those in the
5-day-cultured cells. But L-Res could decrease ROS levels in VSMCs by
exposure to phosphate overload for 2-5 days (Fig. 2D).

Calcification levels were determined on the basis of calcium content
and Alizarin Red S staining to further examine degree of calcification of
VSMCs. The calcium content in VSMCs treated with loading phosphate
was markedly increased compared with 5-day-cultured cells. On the
contrary, the increased calcium content in VSMCs was dramatically
inhibited after treatment by L-Res (Fig. 2E). Furthermore, Alizarin Red
S staining showed that phosphate overload also markedly enhanced
mineral deposition in VSMCs, and that phosphate-induced calcification
of VSMCs was dramatically attenuated when VSMCs were treated with
L-Res for 1-5 days (Fig. 2F). Taken together, these results indicate that
phosphate overload has a role in inducing senescence-associated vas-
cular calcification.

Given that IL-6 may have a role in inducing senescence-associated
vascular calcification, expression of SA-B-Gal and p21 in VSMCs ex-
posed to IL-6 was detected using SA-B-Gal staining assay and western
blotting analysis, respectively. As shown in Fig. 3A and B, SA-B-Gal as
well as p21 were markedly increased in VSMCs exposed to IL-6 by days
3 and 5. An increased expression of SA-B-Gal and p21 was dramatically
inhibited when VSMCs were treated by L-Res for 5 days. The ROS levels
in VSMCs treated with IL-6 were increased 1.4-1.8 folds than those in
the 5-day-cultured cells. But L-Res could significantly decrease ROS
levels in VSMCs by exposure to IL-6 for 2-5 days (Fig. 3C). Similar to
phosphate-induced senescence-associated vascular calcification, IL-6
enhanced mineral deposition in VSMCs, and L-Res treatments pre-
vented vascular calcification from IL-6 induction of VSMCs over 5 days
according to Alizarin Red S staining and calcium content (Fig. 3D and
E).

3.3. Either phosphate overload or IL-6 induces senescent VSMCs in a p53-
dependent manner

To investigate the underlying mechanisms of phosphate-induced
and IL-6-induced senescence-associated vascular -calcification of
VSMCs, we firstly determined sirtuin 1 (SIRT1) expression in VSMCs
induced by phosphate overload or IL-6. As expected, immunoblotting
results showed p21 expression dramatically increased consistent with a
low level of SIRT1 expression in VSMCs treated with phosphate
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- Fig. 1. Cardiovascular calcification is coin-
cident with high serum levels of IL-6 and
phosphate in patients with ESRD compared to
those in patients with NDD-CKD. A, B. Serum
levels of IL-6 and phosphate in patients with
ESRD and NDD-CKD. Bottom, middle, and top
lines of each box correspond to the 25, 50,

]

1 I 1 and 75" percentiles, respectively. **P < 0.01,

T

***P < 0.001 versus NDD-CKD group. C. Plain
X-rays images of vascular calcification in pa-
tients with ESRD. In VC groups, the strip-
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Table 1

Summary of serum phosphate, IL-6 and calcification states of patients with
ESRD.

Serum Calcification Images Total (cases)
Yes No

Pi* 1°+1L-6 1 27 29 56

Pi 1 +IL-6 |© 9 15 24

Pi | +IL-6 1 15 20 35

Pi | +IL-6 | 9 20 29

Total (cases) 60 84 144

2 Pi, serum phosphate.

> Up arrow, high levels of serum phosphate (> 1.45mM) or IL-6 (=5.59 pg/
ml).

¢ Down arrow, low levels of serum phosphate (<1.45mM) or IL-6
(< 5.59 pg/ml).

Arrows denote the high-density shadows (cal-
cification sites). D. Comparison of serum levels
of IL-6 and phosphate in patients with ESRD.
Pi, serum phosphate. VC, ESRD patients with
calcification; Non-VC, ESRD patients without
calcification.
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overload or IL-6 for 3-5 days (Fig. 4A), according to the time-course
expression analysis (Fig. 4B), loading either phosphate-induced or IL-6-
induced senescent VSMCs generated the same expression patterns of
p53 coincident with those of p21 since the IL-6/sIL-6R signaling
pathway usually activates STAT3 and induces expression of the target
genes. Not surprisingly, we found that activated-STAT3 (p-STAT3) was
markedly increased in senescent VSMCs induced by IL-6, whereas p-
STAT3 showed no significant alternations in VSMCs by exposure to
loading phosphate alone.

To confirm whether IL-6-induced p-STAT3 regulates p53 expression,
a reporter construct containing the luciferase gene under the control of
the —1998 to -1514 bp fragment from the human p53 gene locus (chr:
17p13.1) was transfected into 293 T cells. Relative luciferase activities
were significantly increased in 293 T cells by exposure to IL-6 (Fig. 4C).
Furthermore, within this region is a consensus sequence 5’-
TTnnnnGAA-3’ (-1761 bp) previously described as the potential p-
STATS3 binding site (Tu et al., 2018). After deleting the specific binding
site, human p53 promoter had not responses to IL-6. The data prompt us
to conclude that p53 expression is regulated by activating IL-6/sIL-6R/
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Fig. 2. Phosphate overload induces senescence-
associated  calcification in VSMCs. A.
Fluorescence immunocytochemistry analysis
for a-SMA, vimentin and VEGFR2 expression in
VSMCs, human primary fibroblasts and
EAhy926 cells. The 1** and 5" VSMCs, the
primary VSMCs and the 5" passages of VSMGs.
Scale bar = 100 um. B. Immunoblotting ana-
lysis for the detection of p21 expression in
VSMCs by exposure to phosphate alone (Left),
as well as phosphate and low levels of resver-
atrol (L-Res, Right). C. SA-B-Gal staining to
determine the senescent VSMCs exposed to
loading phosphate alone (Top), both phosphate
overload and L-Res (Bottom). Scale
bar = 50 um. D. ROS levels of VSMCs stimu-
lated by loading phosphate alone, or by phos-
phate overload as well as L-Res. The Y-axis
denotes folds increase of the fluorescence in-
p21 tensity (ROS) comparing to the value of 5-day

vehicle. E. Calcium content in the supernatant

/DAPI

|- --.;‘ | D G D o= -| GAPDH of VSMCs compared with total proteins in
VSMCs. Data were presented as the
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N , Z 3 G (***P < 0.001 versus 5-day  vehicle;
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s i ~ Foer 3 3 mineral deposition in VSMCs in presence of
= = = \ = 2 = loading phosphate alone (Top) or both phos-
phate overload and L-Res (Bottom). Scale
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- \ mg/ml resveratrol; 5-d Ve (5-day vehicle)
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STAT3/p53 pathway.

As resveratrol mainly depends upon upregulation of SIRT1 to at-
tenuate cellular senescence, immunoblotting showed that L-Res dra-
matically increased SIRT1 expression in VSMCs exposed to either
phosphate overload or IL-6 alone, coincident with a decreased p21
expression (Fig. 4D). Furthermore, in accordance with an increased
SIRT1 expression induced by resveratrol, a decrease in Ac-p53 was
observed in VSMCs in the presence of either loading phosphate or IL-6.
Meanwhile, compared with 5-day vehicle, p53 expression showed no
significant alteration. It is suggested that either phosphate overload or

Pi+L-Res

IL-6 induces senescent VSMCs in a p53-dependent manner.

3.4. The synergistic action of phosphate and IL-6 enhances senescence-
associated calcification

Because both hyperphosphatemia and high levels of serum IL-6
usually occur in patients with ESRD, VSMCs were stimulated with both
phosphate overload and IL-6 to investigate their synergistic actions in
inducing senescence-associated vascular calcification. As shown in
Fig. 5A, p21 expression was markedly increased in VSMCs treated with
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both phosphate overload and IL-6 by 1 day. Unexpectedly, L-Res did not
inhibit an increase p21 expression in VSMCs exposed to both phosphate
overload and IL-6, whereas, a high level of resveratrol (H-Res, 0.2 mg/
ml) effectively inhibited the increased expression of p21 in VSMCs. SA-
B-Gal staining assay exhibited that the combined action of phosphate
and IL-6 enhanced SA-(-Gal expression in VSMCs (Fig. 5B, top). Fur-
thermore, an increased activity of SA-B-Gal was still observed in VSMCs
by exposure to L-Res by 5 days (Fig. 5B, middle). However, in response
to H-Res, SA-B-Gal activities induced by the combined action of phos-
phate and IL-6 were markedly weakened (Fig. 5B, bottom). The ROS
levels in VSMCs exposed to both phosphate overload and IL-6 were
markedly increased compared with those in the 5-day-cultured cells,
and this effect was significantly attenuated in the presence of L-Res or
H-Res (Fig. 5C).

For quantification of calcium deposition, the calcium content in
VSMCs treated with loading phosphate and IL-6 was markedly in-
creased compared with 5-day-cultured cells. On the contrary, the in-
creased calcium content in VSMCs was dramatically inhibited after
treatment for 3-5 days by H-Res instead of L-Res (Fig. 5D). Further-
more, Alizarin Red S staining showed that mineral deposition was
dramatically increased in VSMCs by exposure to phosphate overload
and IL-6 for 1-5 days (Fig. 5E, top). Although calcification of VSMCs
was inhibited when VSMCs were exposed to L-Res for 1-3 days, mineral
deposition was still increased by exposure to L-Res by 5 days (Fig. 5E,
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Fig. 3. IL-6 induces senescence-associated cal-
cification in VSMCs. A. Immunoblotting ana-
lysis for the detection of p21 expression in
VSMCs by exposure to IL-6 (Left), IL-6 and re-
sveratrol (L-Res, Right). B. SA-B-Gal staining
for determining the senescent VSMCs exposed
to IL-6 alone (Top) and both IL-6 and L-Res
(Bottom). Scale bar = 50 um. C. ROS levels of
VSMCs stimulated by IL-6 alone, or by IL-6 as
well as L-Res. The Y-axis denotes folds increase
of the fluorescence intensity (ROS) comparing
= to the value of 5-day vehicle. D. Calcium con-

=" tent in the supernatant of VSMCs compared
\5:'} 3 IL-6+L-Res with total proteins in VSMCs. Data were pre-
> ) sented as the mean = SD of triplicate experi-

5d

IL-6

L

T ments (**P < 0.01, ***P < 0.001 versus 5-

day vehicle; ###P < 0.001 versus IL-6 treat-
ment). VSMCs were treated for 1-5 days by IL-6
alone, or by IL-6 as well as L-Res. E. Alizarin
red staining for detection of mineral deposition
in VSMCs in the presence of IL-6 alone (Top) or
both IL-6 and L-Res (Bottom). Scale bar=50
um. Five-day vehicle represents VSMCs cul-
tured in growth medium without stimuli for 5
days.

5-d Ve

IL-6+L-Res

middle). H-Res dramatically inhibited mineral deposition in VSMCs
induced by the combined action of phosphate and IL-6 for 1-5 days
(Fig. SE, bottom). Additionally, a significantly increased calcium de-
position was still observed when VSMCs were exposed to L-Res by 5
days. However, H-Res dramatically decreased the calcium concentra-
tion of VSMCs over 5 days. It has been suggested that the combined
action of phosphate and IL-6 in inducing senescence-associated vascular
calcification is inhibited by resveratrol in a dose-dependent manner.
To further investigate the underlying mechanisms for the synergistic
actions of phosphate overload and IL-6 inducing senescence-associated
vascular calcification, immunoblotting analysis was performed to de-
termine SIRT1, p21, p53, and p-STAT3 in VSMCs by exposure to both
phosphate overload and IL-6. Similar to the increase expression of p21
by 1-day-induction, an increasing expression of p53 and activation
STAT3 (p-STAT3) was observed in VSMCs by exposure to both phos-
phate overload and IL-6, while SIRT1 was expressed at a low level
(Fig. 6A). In response to L-Res, a dramatically increased expression of
SIRT1 was observed in VSMCs treated with both loading phosphate and
IL-6 only by 3 and 5 days (Fig. 6B). Unexpectedly, an increasing ex-
pression of p53 and Ac-p53 was still observed in VSMCs in the presence
of loading phosphate, IL-6, and L-Res by 3 and 5 days, coincident with
the increase expression of p21. However, when VSMCs were treated
with H-Res, SIRT1 expression markedly increased by 2 days and
maintained high levels over 3-5 days. Coincident with an increase in
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SIRT1 expression, p53 and Ac-p53 dramatically decreased, and there
were no significant alterations of p21 expression. Therefore, senes-
cence-associated calcification of VSMCs could be inhibited by resvera-

trol in a dose-dependent manner.

Fig. 4. Either phosphate overload or IL-6 in-
duces VSMCs senescence in a p53-dependent
manner. A. Western blotting analysis for the
detection of p21, SIRT1, p53, STAT3, and p-
STAT3 in VSMCs exposed to 3.8 mM phosphate
(Pi) or 50 ng/ml IL-6 for 1 to 5 days. 5-d Ve (5-
day vehicle) denotes VSMCs cultured in growth
medium without stimuli for 5 days. B. Relative
protein expression of p21, p53, p-STAT3, SIRT1
of VSMCs exposed to phosphate and IL-6 for 1
to 5 days. Data were presented as the
mean + SD  of triplicate  experiments
(**P < 0.01, ***P < 0.001 versus 5-day ve-
hicle). C. Luciferase analysis for activities of
human p53 promoter induced by IL-6 (30 ng/
ml). The potential p53 promoter fragment
(-1998-1514 bp) was obtained from human
genomic DNA of VSMCs using polymerase
chain reaction (PCR) with the primer 1 and 2
(P1 and P2), and cloned into the pGL3 basic
vector with Kpnl and HindIIIl. The potential p-
STAT3 binding sequences of 5-TTTCAA
GAA-3’at -1761 bp were deleted by using spe-
cific PCR with the primer 3 and 4 (P3 and P4).
TSS, transcriptional start site. NC, negative
control. PC, positive control. Wt-pro, wild type
promoter of p53. Mu-pro, mutated promoter of
p53. Data were presented as the mean + SD of
triplicate experiments (**P < 0.01,
**%p < 0.001 versus wild type promoter of
p53 treated with PBS; *##P < 0.001 versus
wild type promoter of p53 treated with IL-6). D.
Immunoblotting analysis for detection of p21,
SIRT1, p53, and Ac-p53 in VSMCs by exposure
to L-Res with 3.8 mM phosphate (Pi, Left) or IL-
6 (Right) for 1 to 5 days. 5-d Ve (5-day vehicle)
denotes VSMCs cultured in growth medium
without stimuli for 5 days.

To further examine whether blocking IL-6/STAT3/p53/p21 signal
pathway might lead to inhibiting senescence-associated calcification of
VSMCs, VSMCs were treated for 1-5 days with an anti-IL-6 neu-

tralization antibody. Immunoblotting analysis showed the levels of p-
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Fig. 5. The synergistic action of phosphate and
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STAT3, Ac-p53, p53 and p21 were not obvious alterations (Fig. 6C).
Also, inhibition of p53 was achieved by using pifithrin-a (PFTa, a p53
inhibitor). Western blotting analysis showed that Ac-p53, p53 as well as
p21 maintained lower levels, even the increased levels of p-STAT3 were
available owing to activation of IL-6. Furthermore, based on SA-}-Gal
staining assay and Alizarin Red S staining analysis, senescence-asso-
ciated calcification of VSMCs was dramatically inhibited by using the
anti-IL-6 neutralization antibody or the p53 inhibitor (Fig. 6D and 6E).
These data indicate that senescence-associated calcification of VSMCs is
induced by the combined actions of phosphate overload and IL-6 in a
p53-dependent manner.

4. Discussion

Cardiovascular calcification, including vascular calcification and

Pi+IL-6

valvular calcification, contributes to the high rates of mortality of pa-
tients with ESRD (Adeseun et al., 2012; Civilibal et al., 2009; Go et al.,
2004a; Nakamura et al., 2009; Nasrallah et al., 2010). Hyperpho-
sphatemia is one the most powerful inducers of cardiovascular calcifi-
cation in patients with ESRD (Shanahan et al., 2011). In the present
study, patients with ESRD showed their higher serum phosphate levels
(> 1.45mM) and IL-6 (=5.59 pg/ml) compared to those of patients
with NDD-CKD. Although the mechanisms are distinct, causes of mi-
neral deposition and calcification are most likely overlapping in both
the valve and the vessel.(Civilibal et al., 2009; Johnson et al., 2006)
Quantitative evaluation of calcification only based on the plain X-rays
and Doppler ultrasound images in this retrospective study, even a
number of other non-invasive imaging techniques, such as computed
tomography, echocardiography, are available to screen for the presence
of cardiovascular calcification (Nitta et al., 2019). Among 60 cases of
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ESRD patients with cardiovascular calcification, high levels of serum
phosphate were found in 60.00% (36/60) of patients. Therefore, in-
organic phosphate may be not a uniquely powerful inducer of calcifi-
cation.

Although a number of risk factors, such as TNF-a, C-reactive protein
and FGF23, have been associated with cardiovascular calcification and
mortality in ESRD patients, plasma IL-6 levels in ESRD patients have

IL-6+IL-6 antibody

Pi+IL-6+pifithrin-a

& IL-6+IL-6 antibody

0 pi+IL-6+pifithrin-a

been shown to predict death better than TNF-a and C-reactive protein
concentrations (Zoccali et al., 2006). Importantly, IL-6 is known to be
the powerful inducer of cardiovascular calcification in patients with
ESRD (Kaminska et al., 2019; Su et al., 2017). We also found that
70.00% of ESRD patients (42/60) had cardiovascular calcification co-
incident with high levels of serum IL-6. Furthermore, among 56 cases of
ESRD patients with both high levels of phosphate and elevated serum
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Fig. 7. Schematic diagram of signaling pathway for phosphate and IL-6 indu-
cing senescence-associated calcification in VSMCs.

IL-6, almost half of patients displayed cardiovascular calcification. Our
data at least demonstrated that calcification is correlated with high
levels of phosphate and elevated serum IL-6 levels in patients with
ESRD (P = 0.00). Therefore, phosphate overload and IL-6 possibly have
synergistic actions in promoting calcification in patients with ESRD.

Both SA-B-Gal and p21 are widely used as the specific markers of
senescent cells. Senescence leads to persistent DNA damage and acti-
vation of p53/p21, which exerts processes causing growth arrest and
senescence.(Kojima et al., 2013) As, well, one of the fundamental fea-
tures associated with vascular senescence is the crosstalk between in-
flammation and oxidative stress. A series of reviews and evidences re-
ports that ROS have been found to be increased in aged tissues and can
be manipulated in vitro to induce senescence through activation of
p53/p21 pathway (Chiou et al., 2018; Johnson et al., 1996; Westin
et al., 2011). Downregulation of p21 by RNA interference decreased
calcification, suggesting that senescence of VSMCs contributes to vas-
cular calcification (Takemura et al., 2011). Although senescence-asso-
ciated vascular calcification induced by loading phosphate is well
known to be involved in osteoblastic transition of VSMCs,(Yamada
et al., 2015) the molecular mechanisms of phosphate-induced senes-
cence of VSMCs remains poorly understood. We found that phosphate
overload dramatically increased expression of p21, SA-B-Gal, and p53,
coincident with an increased mineral deposition in VSMCs. In addition,
higher levels of ROS were successfully detected in VSMCs by exposure
to phosphate overload. On the contrary, increasing expression of p21,
SA-B-Gal, and p53 was markedly inhibited by resveratrol through
SIRT1 activation, coincident with the significantly suppressed levels of
ROS. As a member of the sirtuin family of nicotinamide adenine di-
nucleotide (NAD)-dependent deacetylases, SIRT1 is able to de-acetylate
p53 and to promote degradation of p53 (Takemura et al., 2011). In-
terestingly, phosphate-induced mineral deposition was also attenuated
when senescence of VSMCs was blocked by resveratrol. Therefore, p53
plays a critical role in senescence-associated vascular calcification in-
duced by phosphate overload in VSMCs.

The Chronic Renal Insufficiency Cohort study showed that IL-6-in-
duced vascular calcification is a predictor of poor clinical outcome in
patients with CKD(Barreto et al., 2010; Pereira et al., 1994; Singh et al.,
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2016; Su et al., 2017). IL-6 is also a well-known inducer of vascular
calcification. According to the present study,(Hénaut and Massy, 2018)
to prevent the development or progression of vascular calcification, IL-6
suppression might be one choice of treatment for patients with ESRD.
However, no ongoing clinical trial is available that intended to target
IL-6 with the goal of decreasing vascular calcification in patients with
ESRD due to the risk of complications caused by immunosuppression
(Hénaut and Massy, 2018; Ridker et al., 2017). Considering that IL-6/
sIL-6R induces premature senescence in human primary fibroblasts
depending upon a critical axis of IL-6/sIL-6R/STAT3, and that p53 is
essential for the IL-6/sIL-6R-induced premature senescence (Kojima
et al., 2013), we were interested in the roles of the IL-6/sIL-6R/STAT3/
p53 pathway in the process of senescence-associated vascular calcifi-
cation in VSMCs. As expected, IL-6 dramatically increased expression of
p53, SA-B-Gal, and p21 through activation of STAT3, accompanied by
an increased mineral deposition in VSMCs. As there is a potential p-
STATS3 binding site (5’-TTnnnnGA-3’) in the p53 promoter region, lu-
ciferase analysis further confirmed that p53 expression was regulated
by activation of STAT3 in the present study. On the other hand, IL-6-
induced expression of p21, SA-f-Gal, and p53 was markedly inhibited
by resveratrol or the anti-IL-6 neutralization antibody. Also, Ac-p53
dramatically decreased in VSMCs after SIRT1 was activated by resver-
atrol. Mineral deposition was significantly attenuated in accordance
with weakened senescence of VSMCs. Thus, p53 plays a major role in
regulating IL-6-induced senescence-associated calcification in VSMCs.

Given that both loading phosphate and high serum IL-6 simulta-
neously occur in patients with ESRD, we presumed that both phosphate
overload and IL-6 may have synergistic roles in inducing senescence-
associated vascular calcification in VSMCs. As expected, compared with
the time-course expression of p21 and p53 induced by either phosphate
overload or IL-6 alone (Fig. 4A), the significantly increased p21 and p53
expression were available with 1-day induction of both phosphate
overload and IL-6 (Fig. 6A). In concord with these data, an increased
mineral deposition was successfully detected in the senescent VSMCs.
Senescence-associated calcification of VSMCs induced by the synergistic
action of phosphate and IL-6 was dramatically inhibited by the p53
inhibitors. So, the synergistic action of phosphate and IL-6 contributed
to senescence-associated vascular calcification in VSMCs depending
upon upregulation of p53 (Fig. 7). In addition, H-Res, not L-Res, dra-
matically inhibited senescence-associated vascular calcification, which
was induced by loading phosphate and IL-6. This is a demonstration
that anti-aging agents mitigate senescence-associated vascular calcifi-
cation in a dose-dependent manner.

Taken together, cardiovascular calcification is associated with high
levels of phosphate and elevated serum IL-6 levels in patients with
ESRD. Although continued advances in understanding the molecular
mechanisms of phosphate-induced senescence, we demonstrated that
IL-6 induces senescence of VSMCs through activation of the IL-6/sIL-
6R/STAT3/p53/p21 pathway. Of importance, p53 plays a major role in
senescence-associated vascular calcification induced by phosphate
overload and IL-6 in VSMCs. Senescence-associated vascular calcifica-
tion of VSMCs in patients with ESRD is enhanced by the synergistic
actions of loading phosphate and IL-6 in a p53-dependent manner, and
is attenuated by anti-aging agents in a dose-dependent manner. Anti-
aging therapies may be in favor of decreasing cardiovascular calcifi-
cation in patients with ESRD.
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